& Context Forest stand dynamics models simulate the growth of trees in stands; based on field measurements and system knowledge, they provide a relatively precise representation of forest growth and are well adapted for forest management purposes. Architectural models describe the structure of plants according to ontogenetic development processes; as a support of biomass production and partitioning at organ scale, they simulate individual tree development. & Aims The aim of this study was to link a stand dynamics model and an architectural model to simulate stand dynamics, in which the ecological or silvicultural modelling from the stand model and the architecture representation could be integrated, to provide individual tree details at the stand level. & Methods Stand-level simulations of Austrian black pine dynamics provided global results on tree growth from the empirical forest growth model PNN, and branching details for individual trees were provided by the functionalstructural plant model (FSPM) GreenLab. & Results Individual tree dynamics were computed, and the simulated trees were integrated at the stand level for visualizing two different management scenarios. & Conclusion By combining a stand dynamics model adapted to forest management with an FSPM with detailed tree architecture, it is possible to simulate individual tree structure with consistent dimensions, adapted to ecological and silvicultural modelling for decision support in forest management.
Introduction
Forest growth and yield simulators are commonly used for decision support in forest management (Pretzsch 2009 ). Many different types of models have been developed, and several ways of classifying forest models can be found in the literature (e.g. Vanclay 1994; Pretzsch et al. 2008) . Schematically, for predicting the effects of silvicultural management, forest stand models can be subdivided into empirical forest models (EFMs) and process-based models (PBMs). EFMs are mostly devoted to stand level production and tree size distribution, and are extensively used for forest management purposes. They are established on system knowledge, by which various ecological factors such as site conditions, stand structure, inter-plant competition or management scenarios can be taken into consideration. PBMs account for the major eco-physiological components of the system and the rates of transfer between components (photosynthesis, water balance, nutrient cycling). According to Kimmins et al. (2008) , EFMs make "excellent" predictors under unchanging environmental conditions, whereas PBMs exhibit high flexibility under changing environment. The pros and cons of each have been addressed for example by Mäkelä et al. (2000) and Kimmins et al. (2008) , who suggest combining these in "hybrid simulation models". With improvements in computer technology and progress in scientific knowledge concerning plant morphology, tree dynamics and competition within forest stands, new generations of models are being developed (Pretzsch et al. 2008; Muys et al. 2010) . With increasing concern of forest managers, as well as other stakeholders, about sustainable ecosystem management and ecosystem services, it has become necessary to address a large scope of spatio-temporal scales. These extend upwards from forest stands to ecosystem or landscape level (Auclair 2010 ) and downwards to individual trees (King 2005) , and such up-and downscaling entails increased complexity and uncertainty (Brugnach et al. 2008) .
It is becoming increasingly important to take in account individual tree structure in forest management for different objectives, including for example carbon allocation and sequestration (Melson et al. 2011) , fuel description for fire risk assessment (Parsons et al. 2011) , stand or landscape visualization (Griffon et al. 2011) or for calibrating models for remote sensing applications (Castel et al. 2001; Biliouris et al. 2009 ).
The organization of individual plant components in space consists of topology (the physical connections between plant components) and geometry (the shape, size, orientation and spatial location of the components), which change during the development of the plants. Modelling individual trees requires accounting for their structure and can (but does not necessarily) involve physiological processes, leading to "functionalstructural plant models" (FSPMs). Such models are usually built on recursive equations with more or less detailed organ-level computation, depending on the needs for simulation of tree development (de Reffye and Houllier 1997; Perttunen et al. 1998; Yan et al. 2004; Vos et al. 2010) . The description of tree structure commonly involves empirical geometric models (Collin et al. 2011; Côté et al. 2011 ) and seldom includes details of the ontogenetic developmental processes (Sterck and Schieving 2007) . The latter are based on the concept of plant architecture, which was initiated in the 1970s by Hallé and co-workers (1978) and followed by many indepth studies reviewed by Barthélémy and Caraglio (2007) . Architectural analysis addresses both endogenous processes inherent to each species and exogenous constraints exerted by the environment.
FSPMs are considered as very relevant for modelling physiological processes, individual tree level biomass production and carbon partitioning into different compartments (Pretzsch et al. 2008) , but the extension from individual tree to stand level can be extremely demanding on computing capacity and time. Despite the importance of detailed canopy description for many applications, forest stand simulators very rarely address individual tree structural details (Sievänen et al. 2008) , mainly due to the high computing time required. Maintaining a high degree of structural detail when scaling up from organ level to stand (or landscape) remains an important challenge, as in general, the limitations of computer capacity require many simplifications in individual tree structure modelling (Kohyama et al. 2005) . To address this challenge, tree structure can be simply represented by crown envelope shape (Rautiainen et al. 2008) or by using allometric relations (King 2005; West et al. 2009 ), fractals (Collin et al. 2011; Parsons et al. 2011) , "numerical tree modelling" (Collin et al. 2011) or other geometric representations of tree architecture (Cescatti 1997; Perttunen et al. 1998; Biliouris et al. 2009 ). However, these simplifications can greatly affect the uncertainty of estimations, as has been shown by Melson et al. (2011) who cite differences up to 50% in volume and biomass according to differences in tree form.
To address the dilemma posed by the requirement for accurate, detailed estimations, at the stand or ecosystem level, with limited computer capacity, several authors have suggested coupling models at different scales, using a hierarchical approach (Mäkelä 2003) . Jallas et al. (2009) added a 3-D architecture component to a plant simulation model for cotton, a "simple" plant; Renton et al. (2005) introduced architectural analysis in an L-system-based model, coupled with a canonical model of tree resource allocation, to simulate individual plant form and function for birch; Wang et al. (2006) used static computer-designed 3-D tree images together with an empirical growth model based on inventory data, for forest landscape visualization purposes. However, to our knowledge, the only example of coupling a detailed tree architectural model (sensu Hallé et al. 1978 ) with a forest stand dynamics model was that of Meredieu et al. (2004) who constrained AMAPsim architectural model parameters by outputs from a stand growth and yield model for Pinus pinaster.
The present work is a further attempt to benefit both from the high reliability and the high computing speed of an empirical forest model and from the high degree of detail of an architectural model, by combining two such models. As an example, two realistic silvicultural scenarios (thinned stand or unthinned control) were applied to Austrian black pine, simulated with the empirical forest model "PNN" (Dreyfus 1993 ). The results obtained through the simulator were then used to calibrate the Architectural component of the functional-structural plant model "GreenLab" (Yan et al. 2004 ), which in turn provided detailed individual tree architecture data. Among the various outputs of decision support tools, forest stand visualization is becoming increasingly important for stakeholder involvement and negotiation (Pretzsch et al. 2008; Muys et al. 2010 ). An application to visualization of the forest stands resulting from the two simulated scenarios is presented here.
Materials and methods

Austrian black pine architecture
According to Barthélémy and Caraglio (2007) , a plant can be seen as a hierarchical branched system in which the axes can be grouped into categories according to their morphological, anatomical or functional distinctive features. Austrian black pine (Pinus nigra Arn. subsp. nigra) has a rhythmic ramification and growth; all axes are monopodial and branches are orthotropic. It belongs to Rauh's architectural model as described by Hallé et al. (1978) , presented in Fig. 1a (from Barthélémy and Caraglio 2007) . Black pine is monocyclic: the time step used to describe meristem development is 1 year, corresponding to one new growth unit (GU) that produces a whorl of branches along the stem (Fig. 1b) . In Pinus, GUs are composed of a large number of very small internodes, but for computing requirements (see Section 3) we have considered the GU as the smallest entity to be represented, similarly to Wang et al. (2010) . Barthélémy and Caraglio (2007) defined the "physiological age" (PA) of a meristem or of an elementary botanical entity, and in simple cases such as P. nigra nigra, the physiological age corresponds to the branching order. Black pine exhibits four branching orders, the stem being defined as order 1. The number of branches on a whorl can vary, both with the position and the order of the axis, generally from 1 to 5 on the stem, and from 1 to 3 on higher-order axes (Castel et al. 2001 ).
Field data
The dataset used for calibration of the PNN growth model (individual size and increments, mortality) came from a network of 76 plots (46 plots in six thinning or precommercial thinning experiments + 30 permanent yield plots), from regeneration stage to mature stands, within the Mediterranean range of this species in Southern France and covering various site conditions, initial stand structures and thinning characteristics. It contained ca. 25,750 diameter increments and 3,750 height increments on more than 13,000 trees; the stem density ranged from 200 to 18,000 stems per hectare, and the basal area from 1 to 64 m² ha −1 , according to thinning treatments (from unthinned control to relative spacing values up to 100%). For the branching model, the data were obtained from stem analyses performed on four trees per stand (dominant, codominant, average and suppressed) in a subset of eight stands from the above-mentioned network, with age ranging from 23 to 114 years, height from 5.3 to 27.0 m, dbh (stem diameter at 1.3 m height) from 7 to 45 cm. More than 3,200 branches (dead/green) were measured for diameter, and 1,300 for angle and extents. Additional botanical data on black pine came from the observations of Castel et al. (2001) .
The empirical forest dynamics model PNN
For P. nigra nigra, a tree-level distance-independent growth model (Dreyfus 1993) including sub-models predicting height and stem diameter growth, competition-induced mortality, stem volume, height to living crown and an allometric branching sub-model was calibrated, connected and embedded in a module of the Capsis simulation platform (http://www.inra.fr/capsis, Dufour-Kowalski et al. 2011), named "PNN". This module enables the simulation of the evolution of a black pine stand according to site a) b) The second stem GU with its whorl is presented in grey index and to competition controlled by thinning scenarios, from young stage (trees a few metres high and around 10-15 years old) to age 100 or more, with a 5-year time step. At each step, the outputs from PNN include usual stand characteristics (number of stems, basal area,…) and individual information (age, dbh, total height H, height to crown base Hcb) for each tree. After validation, the growth model predictions have served, for example to define management guidelines in a new technical guide for forest managers (Ladier and Rey 2011).
Virtual tree coordinates were computed in the present study for visualization purposes (not used by the distanceindependent growth model). The branching sub-model provided additional individual tree outputs calculated at each time step for the trees remaining in the stand after thinning or natural mortality, concerning each whorl (whorl order from the bottom to the top of the tree, number of branches in the whorl). Within each whorl, the following characteristics of the main axis of each green branch were computed: height of insertion from the ground (Br Ht), basal diameter (DB), angle of insertion (Ins Ang), horizontal extent (Horiz Extent) and distance between origin and tip (Chord L, see Fig. 2 ; an example is shown in Table 1 ). As the branching model is static (allometric relationships), the number of branches in each whorl and the characteristics of the corresponding branches were simulated at each simulation step, and there is no direct link between a branch at one step and a branch in the same whorl at the previous step.
The functional-structural plant model GreenLab
GreenLab provides a generic mathematical framework for functional-structural plant modelling, based on the botanical concepts of plant architecture (de Reffye et al. 1988 ); it has been described in detail by Yan et al. (2004) . Organogenetic rules provide the plant structure, which can be defined as an interconnected network of organs, whereas source-sink relationships among these organs determine biomass production and allocation. A consistent time unit for architectural development and ecophysiological functioning is defined. This allows the discrete dynamic system of growth to be derived, and its state variables are sufficient to deduce the whole-plant architecture (Mathieu et al. 2009 ). The FSPM GreenLab has been validated for a large number of small cultivated plants (de Reffye 2009). A complete validation (for both structure and function) for mature trees is still under way, but the architectural component and particularly the visual aspects have been evaluated, mainly by expert knowledge, and are currently used for architecture and landscape planning purposes (http://www.bionatics.com/).
In the present study, we restricted the use of the model to plant structure (topology and geometry), without considering the physiological processes, as the growth of individual plants was driven by the outputs of PNN. Following Barthélémy and Caraglio (2007) , each axis is composed of a succession of growth units, and the different categories of axes are characterized by the notion of PA. For black pine, four PAs are defined, each characterizing one of the four axis orders. As P. nigra is monocyclic, the number of growth units on the stem, N 1 , equals to the age of the tree, whereas the number of growth units (N 2,3,4 ) on branches depends on the location, age and life span of the axes.
Simulation scenarios
To illustrate the model combination, we simulated a 1-ha initial stand with a density of 6,000 stems per hectare and a height of 2.5 m at age 10, which is a common situation for black pine natural regeneration in south-eastern France. Two different management options were compared: the first, named "thinning treatment", consisted in one precommercial thinning at age 15, followed by three thinnings at ages 45, 60 and 75, which is close to management recommendations for this species in such relatively good site conditions (Ladier and Rey 2011); the second scenario Fig. 2 Detail of individual tree variables from PNN: global tree variables (diameter at breast height dbh, height of crown basis Hcb, total tree height H) and variables for each living whorl, corresponding to Table 1 (height of insertion Br Ht, base diameter DB, chord length Chord L, insertion angle Ins Ang and horizontal extent Horiz Extent) was a control without any thinning, but with natural mortality (Table 2) .
Model combination
The outputs from PNN are less detailed than those from GreenLab for individual trees, but some output variables are common for both models. GreenLab was constrained by these common variables. Two adaptations were necessary, the time step and the resolution scale. The time step of PNN simulations was 5 years, whereas it was 1 year for GreenLab: as a first approximation, a linear interpolation was applied. The finest resolution of PNN concerns the main branches (2nd-order axes) for each individual tree, whereas for GreenLab, it is the organ level; the branching information for each whorl at each time step was computed by PNN, and for GreenLab, additional information was included by considering the botanical information on the development of axes described by Castel et al. (2001) .
Branch mortality
Branch mortality was estimated from Hcb, as shown in Fig. 3a , b for two management scenarios ("thinning treatment" or "unthinned control", see Section 4). At each time step, the highest branch below Hcb was the last dead one, whose life span could then be determined by its position (whorl order). By interpolation, the life span of the main branches was computed until the last dead one (Fig. 3c) . The life span of higher-order branches was determined empirically as half of the life span of its parent axis, based on botanical observations reported by Castel et al. (2001) .
Branch number
The number of main branches (2nd-order axes) along the stem was an output of PNN. The branch number for higher order axes was generated randomly, with a maximum branch number of 3 and 2, respectively, for the 3rd-and 4th-order axes, based on Castel et al. (2001) .
Growth unit length and diameter
The length of GUs (l) on the stem and on 2nd-order axes, related to the increment of tree height and of branch length (L), was calculated directly by differential Eq. 1: In italics, values after thinning Diameter growth of GUs was simulated by a cone frustrum for which the aperture was estimated from tree height and dbh for the stem (considering no butt swell) and for branches from total branch length (L) and branch base diameter (DB). This way, the diameter of each GU composing the stem or the branches could be estimated by dbh or DB, and its distance to the base (s). dbh and DB at different stages were outputs from PNN, whereas the length of GUs to calculate s was the result of Eq. 1. The length and the diameter of GUs on 3rd-or 4th-order axes were outputs of GreenLab. They were set to be proportional to their corresponding GUs along the parent axes. A ratio of 0.25 was used for diameter, whereas ratios 0.8 and 0.6, respectively, were used for the length of 3rd-and 4th-order axes, based on Castel et al. (2001) .
Branch position and bending
The positions of branches were determined by both insertion angle (between the initial direction of branch and the direction of its parent GU) and phyllotaxy angle. For main branches, insertion angles were PNN outputs (in the branching sub-model of PNN, the insertion angle is related to branch age and branch diameter), whereas a counterclockwise rotation angle of 112.45°was applied for the phyllotaxy, based on observations by Castel et al. (2001) . Insertion angles between 45°and 60°were used for 3rd-order axes, insertion angles between 30°and 45°were used for 4th-order axes, while the phyllotaxy angle of 180°was taken for both.
Branch shape has been estimated in this study, mainly for visualization purposes, based on simple mechanical processes. An elastic curvature of Young's modulus was first used to simulate the bending effect under the weight of the branch in the basal part, as described by Jallas et al. (2009) . Then, a re-orientation was calculated to account for the orthotropic growth at the end of the axis, based on the geometrical data (insertion angle and chord length) provided by PNN. The turning angle of each GU was linearly related to an appointed final angle from the vertical.
Leaf rendering for visualization purpose
Similar to the foliage representation of Côté et al. (2011) , a symbol representing a bunch of pine needles was applied as the leaves for one growth unit, and the scale was set according to growth unit length (see Fig. 4c ). A constant needle life span of 3 years was applied.
4 Simulation results Figure 4 shows an example of simulated architecture of the crown of a 30-year-old P. nigra nigra. On the left is the woody architecture with no leaves, showing the form and position of branches. Below is a zoom on the symbol representing the needles for visualization purpose. On the right is the entire crown, including needles. The bottom part of the stem, with no living branches, is not presented here. Figure 5 shows the architectural development of individual trees according to the two silvicultural scenarios, from ages 10 to 80 years. The scenario for the thinned stand (Fig. 5a) shows the wide crown development and trees with large diameter, whereas the unthinned control scenario (Fig. 5b) shows trees with smaller diameter, high crown base and a small crown, due to the high tree density leading to (tree and) branch mortality.
The simulated stands could then be visualized. The mean characteristics of the stands at age 50 are presented in Table 3 . Figure 6 shows (top) the simple output generated by PNN through the Capsis stand visualizer for the thinned stand (left) and the unthinned control (right) at age 50, compared to the output from the present work coupling GreenLab to PNN for the same scenarios: thinned stand (bottom left) and unthinned control (bottom right). The objective was not to represent the entire ecosystem; therefore, no ground vegetation has been added for a more realistic visualization. Computation time to produce a HD (1,920×1,080 pixels) image of the unthinned 1-ha stand (5,259 trees) was 25 min on a 32-bit classical computer, with Intel Core2 duo T9600 processor and 3 G ram.
Discussion
In the present study, we combined the EFM simulation of tree and stand growth of black pine with an FSPM, in order to link the architectural development of individual trees to the information produced by the EFM. Therefore, individual trees were simulated not only with growth information in relation to silvicultural scenarios but also with consistent botanical information. This has been used in the present study to produce a data-driven forest visualization from the EFM simulation. Many different visualization approaches have been developed, as described by Pretzsch et al. (2008) . Some can provide interactive real-time visualizations and free perspectives (Lim and Honjo 2003; Griffon et al. 2011) . In most approaches, the individual tree development is poorly represented, if at all. Several individual plant simulators have been developed to obtain visually satisfactory tree shapes to be used for example in computer graphics, in which neither detailed botanical knowledge on tree architecture nor precise growth dynamics are necessary. Software like Xfrog (www.xfrog.com, Deussen and Lintermann 2005) and OnyxTree (www.onyxtree.com, Bosanac and Zanchi 2002) for example produce very realistic 3-D tree models, satisfactory for static visualization. Among the few examples, which couple a forest stand simulation model with a visualization software in order to represent tree growth satisfactorily, are TREEVIEW and L-VIS (Pretzsch et al. 2008) or MONTE (Muys et al. 2010) . With increasing stakeholders' requirements, it is important to represent individual trees as close as possible to their real architecture and dimensions. In the present work, combining an architectural model and a stand dynamics model produced simulations consistent both with forest growth and with detailed organ-level architecture, leading to a high degree of realism of the represented vegetation, as suggested by Lange (2001) . For even better realism, ground vegetation could be added.
Besides visualization, detailed analyses of architecture can be undertaken. For example, Fig. 3 shows the dynamics of crown depth for the thinning treatment (Fig. 3a) and the unthinned control (Fig. 3b) . Based on these values, Fig. 3c shows how the life span of main branches (2nd order) increased from the bottom of the tree upwards. This is consistent with the "morphogenetic gradient" described by Barthélémy and Caraglio (2007) . Such coupling between an EFM and a FSPM could also be of great interest for estimating biomass production and carbon allocation in the various compartments of the ecosystem. However, for such applications, additional data would be required to better calibrate the dimensions of various organs, in particular the 3rd-and 4th-order axes. The present data were not collected for such an objective, and further field work would be required.
Process-based models generally consider physiological processes, either at the stand level or (for FSPMs) at the individual plant level, but rarely consider the ontogenetic developmental processes which produce the structure of the plants. The objective of the present work was to up-scale individual tree ontogenetic processes at the stand level. A further step will be to integrate not only the architectural component of GreenLab into an EFM but also the physiological processes. Several complementary approaches can be envisaged, such as the hierarchical treatment of multi-scale processes suggested by Mäkelä (2003) and/or using Bayesian methods for combining empirical and process-based models as suggested by Radtke and Robinson (2006) .
Conclusion
In this attempt to combine an architectural model with a stand dynamics model, we used the outputs of PNN to calibrate the 1st-and 2nd-order axes of the architectural component of GreenLab. The PNN model simulated tree and stand growth, according to silvicultural treatment, while GreenLab provided details of the architectural development. In this example, the combined simulation could integrate both the ecological and silvicultural aspects from the stand dynamics model and the structure representation from the architectural model. As a result, tree architecture with a correct time scale was generated, in which it was possible to integrate a thinning scenario and forest growth function from the stand model into the FSPM. Since the two models are independent, the same method can be extended to linkage with other stand models. The first application presented here concerned stand visualization, but this work offers further perspectives for in-depth analyses at the organ level, including carbon allocation. 21.5 11.1 Fig. 6 Visual representation of a black pine stand at age 50: output generated by PNN through the Capsis stand visualizer (top), and output from the present work (bottom). The thinned stands are presented at the left and the unthinned control at the right. Dead branches are not visualized. See Table 3 for tree and stand characteristics
